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The p re s ent paper pr es ent s s methodology for tho design of a l.jiar explorat io n program. 
The logic b baaed upon (1) the recognition of the • den title objective* of lunar exploration 
as presently i d entifie d and (2) the critical and variable stsytime requirements for lunar 
exp lo rati on mi s si o ns Systems ranging from orbital spare flights, limited surface staytime 
exploration modes, and extended mobility missions to temporary stations and bases are 
tadad/d in the development of the analysis. 

Tm technique is baaed upon the assumption that, although the program r**"”' 
cannot quantify either ibe sdenui> objectives or the output of a lunar exploration program^ 
it is nomthelem po s sibl e to employ quaalaaalytieal techniques to derive semlclosed-fona 
eolations to a mathematical model of a lunar exploration program. TMa h done bj habah 
ing dovn the aeienttte objectives and total adentifie product of a bmar exploration program 
into percentagaa ssrignrd to various exploration systems such as orbital, mobile, and fliad- 
base syst s ma Each system is designed to pro du e o n given, assigned output of ade ati fle 
product for oath of tho mtefam making up the flight program, h this manner a payload 
l| requirement (weight, volume, or power) can be de v e lop ed for each mfaahm within each 

syslcin, and tho experiment (and, hence* instrument) requ irements can be identified as a 
function of the scientific questions requiring answers daring the exploration program. 

By appropriate manipulation of the various parameters making up the model, a series 
of mathemat i c a l e xpr es si o n s are d wfvad which present the dement* of the explora- 
tion program fat a s i mpli fi ed analytical relationship. These expressions are plotted fat vari- 
ous forms to depict the significance and in te rdep end ence of tho rabUn. Some of the 
sign ific an t tesnlts end conflu afam v of the paper ora: 

(1) A wrmi a n el y tkal mathemat ical modal of a lunar exploration program can he 
derived fit some rather bold eseamptintie are made. 

(2) The mathematical model ton be a useful tool to the program plernnr fat structur- 
ing and analysing various lunar exploration systems designed to accomplish certain fixed 
scientific objeetivcc. 

(3) Pi otlaa areas in the development of long range plans for total hmar exploration 
can be identifled for management Using this tool. 

(4) T echnolo gy dovtiof — it raq u ireme n ts can bo identifled In hrond teems In advance 

Tho poper eontiados that f sophisticated monsgsoeent and organisational methods 
and techniques are vital to the memos of spaoo op erati ons, they are also eqaaBy vital to 
imctsrsftil planning for spam systems and operations. Thao the approach described eon 


INTRODUCTION 

Perhape u a consequence of U3. era* 
told ancooao in space, inamaed intamat in 
lunar exploration and exploitation ia developing 
and » being stimulated anew by tbs fanponding 
project Apollo, a manned landing fin tha Moon. 
Thoughtful panona, Government agendas, and 
industrial organisation! are looking toward tha 


Moon as an object of potentially largo oppor- 
tunity for mankind, that fa, an opportunity for 
improving man’s nrtdarotandmg of himself, his 
Earth-Moon environment, and tha tudvoraa in 
ganrraiL Thus tha manned Apollo landing will 
not marie tho condurioa of another apaoo pro- 
gram, bat rather will mark tha hoginning of a 
period in which tha full potential of tha Apollo 

tar 
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system (o supiMtrt lunar n|4nniimi will be 
realized. 

Interest in lunar exploration, including mean* 
Mid scientific resuil*, lead 1 * inevitably to a 
related interest in lunar bases even though the 
need and justification for lunar base* it not 
readily apparent. Space exploration is an 
expensive enterprise, and the benefits, though 
real, are not entirely tangible or viable. The 
most successful space programs are those that 
are motivated by a demonstrated scientific 
need within technical and economic constraints. 

Such an imperative has not yet been firmly 
established for lunar bases, and though con- 
sidered opinion reflects an intuitive conclusion 
that bases on the Moon sill be a justifiable 
and inevitable end product of our Apollo 
capability, a reasonable logic for such banes 
has been slow in developing. The fundamental 
question, of course, is: How can one determine 
in advance of the first manned landing if a 
base will ultimately be necessary or even 
desirable liter in the exploration program, when 
definitive scientific results upon which to 
support such a decision are lacking? At the 
same time, the planner realizes that long lead- 
times ate necessary in order to develop mission 
and support equipment for a base and that 
those planning and design factors evolving as 
logical consequences of the environment should 
be incorporated into all stages of planning and 
execution of the project. 

This paper is addressed to the problem of 
planning lunar exploration missions and {uro- 
grams op to and including the establishment of 
lunar ba se s . For the analysis presented here, 
an arbitrary time period of 20 years' active 
life has been chosen. Other major assumptions 
are presented in the paper as need for them 
develops. The planning problem is composed 
of a number of elements which interact with 
one another. A somewhat incomplete expres- 
sion of this problem can be phrased as follows: 
How should a lunar exploration program com- 
prising a number of discrete systems, each of 
which must accomplish a finite but indefinite 
amount of “srience," be developed? How 
long should the system continue to be used, 
how many missions should be flown within 
it, and when should it be tannins tod or up- 


graded to *»ne having greater capability? 
Arti< idated in another way. we want to maxi- 
mize the efficiency of ewch *y»tem in the pro- 
l»u*ed intigrant and yet antici|iate the required 
efficiency of each system |irior to obtaining a 
good understanding of what we want to du on 
the Moon and what the |tn<ducts of our ex- 
(Juratory effort-* might be. 

Answeth* to all these questions cannot be pre- 
sented in this short paper, but it is intended 
that some indght will be provided into the 
type, nature, and magnitude of the {noblems 
constituting the planning process which will be 
of significant value during future planning and 
efforts, and which, if left unanswered, could 
result in losses of efficiency and scientific re- 
turn as Wefl as national prestige and resources. 

The concepts presented in several of the illus- 
trations were developed fay the author during 
his asso ci a t ion with the Missile end Space 
Division, General Electric Co. As such, per- 
mission to use these illustrations is gratefully 
acknowledged. The reader should understand 
that they do not represent official or even 
necessarily current thinking of the National 
Aeronautics and Space Administration and are 
used only as representative concepts to support 
the discussion herein. 

WHAT IS LUNAR EXPLORATION? 

Exploration can be defined in several way3, 
though * commonly accepted definition is the 
survey of new areas or regions, usually pre- 
viously unexplored, with a desire to determine 
the environment, map or survey the terrain, 
and establish refere nc e s for later missions oT 
surveys. Exploration of the Antarctic regions 
is a good terrestrial example of this procedure. 
Lunar exploration differs from terrestrial ex- 
ploration, however, in that visual and photo- 
graphic orbital surveys will have been made to 
some degree prior to surface exploration. Fur- 
thermore, sophisticated scientific instruments 
will be used to supplement visual and photo- 
graphic data and sample acquisition mi the 
Moon. Early terrestrial explorers were limited 
by the sci e ntifi c instruments then available. 
Expressed in precise terms, orbital and remote 
sensor surveys of the surface must be included 
in the term “exploration'’ when it b applied to 
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the lunar cose; thus, manned «pknti»n «• 
the lunar surface will produce fewer of the un- 
expected dements which marked terrestrial 
exploration. 

Exploration morions involve scientific objec- 
tives which can be interpreted as: 

(I) Broad, involving 

(a) Broad areas 

(b) Broad phenomena 
(2| Limited, involving 

(a) limited areas 
(!) Selected phenomena 
(3) Restricted, involving 
(a) Specific areas 
(*) Specific phenomena 
It is smpbfq— * tliat exploration seeks to 
ftoad man's knowledge, primarily in the 
scientific disciplines. Thus, in order to accom- 
plish exploration, the mission objectives should 
be directed toward rather well-defined scientific 
goals involving the testing of hypotheses, spe- 
cific experiments supporting specific phenom- 
ena, and some general experiments involving 
interrelated phenomena or processes. Cer- 
tainly one could assemble a polyglot of scientific 

experiments, totally unrelated and uncondated 
to any scientific god, but such a matrix would 
not constitute a balanced and thoughtful pro- 
gram of exploration. 

SAmw is not the only imperative for lunar 
exploration, howevw, since space exploration, 
in general, carries and supports other direct 
and indirect benefits. It b important to con- 
sider the relative importance of science in the 
total loose exploration program and to unde- 
stand what the other d ement s supporting the 
program nod benefiting from it might be. To 
the degree that it b posable to define the total 
benefits deriving from l un a r programs, it will 
be pr" 1l, » to consider them in the total eontext 
of the pro gr a m and thus include them in the 
oisty.-mjiip effort, if not directly at least to some 
degree indirectly. 

The major measures of lunar program effec- 
tiveness can be considered to be its contribution 
to or improvement in — 

(1) Scientific product 

(2) Military posture 

(3) Economic value 


(4) Technology development 

(5) National prestige 

Detailed dfccuariun rf the relevance of these 
factors ran be found in a^'*«|irbte iiteeatuie; 
for the immediate purpose* it b sufficient to 
inquire into the question of how three factors 
can be quantised, and. particularly, to inquire 
into the magnitude of the scientific product. 
Informal surveys within NASA indicate that 
the contributions to total lunar program 
effectiveness by each of (be above factors are 
approximatdy as given in table I. Though 
it b obvious that an individual may disagree 
by at least ±5 percent with them indices of 
effectiveness, they van be used to measure 
system effectiveness in planning analyses. 

Table l.-Rdtlirr tfmCraisfbn* As 
Prwjrmm Ejfttlirtme** 

Factor ft wmt 

j •FsaUttHtioo 


Mmiite pwdart 

MOrtai? posture 

Economic value 

TMtuMkff drv rto pw f t 
National pMUr. 


We have established that sc i entifi c goals 
motivate lunar exploration; therefore, wo can 
—li thb body of knowledge that we sock Q- 
Tbe quantity Q can be considered to comprise 
scientific inquiry into the geologic processes on 
the Moon, a deeper un d er s t a ndin g of the 
Earth-Moon system, and a look at questions 
ir reiving the solar system or universe a* a 
whole from the surface of the Moon. Further, 
since Q b defined some yean in advance of the 
actual morions bring accomplished, in par- 
ticular surface morions, it can be eai pMt od 
that new inhumation regarding the Moon wifi 
ho derived bom unmanned probee end space* 
craft during thb period. Aa a result new 
questions will bo posed, end them wffl con- 
stitute an additional increment of inquiry 
which dm be dwtutod A. 

For the purposes of thb analytic, Q b con- 
ridared to be the IS questions p oa ad at Woods 
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Hole phis thf 10 additional questions ptwd in 
the MIMOSA Mudf. 1 Since Q is not rasuni 
with time, d(f is cnuiilmd to be the increase 
in Q with time: it should be recognized that the 
rate «l change is probably not linear. 

In the same manner. A reflect* the scientific 
questions involved in disciplines other than 
those that ate predominantly pwtimnw and 
inrludes astronomy, the tuutrieoce*, and phys- 
ics. Again, dA is defined ns the time rate of 
change of increase in A; dA is probably linear 
and together with A reflects the emphasis 
resulting peimarily from the manned com- 
ponents of the lunar p rogram. 

Similaiiy , « aed da are defined as other inter- 
dvciplinaiy questions and research winch are 
directed toward science performed primarily 
by the unmanned components of the spare 
p rogram. 

Lastly, a term R is introduced which reflects 
the etnphaas of ltmar res o u rces in the total 
program and the contribution made by lunar 
reooums to both morion operatioas nod 
scientific knowledge. 

For oar purposes, then, we can say that lunar 
exploration must produce n body of knowledge 
k as the scientific product of the progmm equal 
to the sum of the above suhslemuttto: 


*«$+d<H-A+dA+«+do+lf 

The total lunar exploration program must in 
tarn be supported by (1) scientific equipment 
end (2) miwinn equipment. These equipments, 
of eouroe, require transportation to the Moon 
and involve (3) logistic systems which are also 
eknely related to and enntrirr ed a part of the 
total program. The sum of (1), (2j, and (31 
defines a general lunar exploration system. 

If the foregoing b a valid imnmprinn. then 


•The IS Basie Mrate Qmstta* istcncd to in this 
paper are ttsr nwriUrt hr the Space Schaoe 
■sari. Ssttoml Undrmr at 8tm mrifehonmd 


a IMS. TfcrtSluwt* I Is the imrtSp thststadg 
MMfiial tie tft MeNiw. Omrimt the etmdmct 
at a NASA eta* "SuLiaaSteto sad Sntes. 

Asaltsie fir Laser EaphswUss*' hr the Uriod 


XUBriksASpseeCa. int. 1), as iMttssI lOwtcatiSe 
qatstiaas woe p o sed . Ts u rt h er. these IS queetisas 
hem eipfeawd as Q 1m this paper. 


we eon nbo assume that the accomptisbmrat 
of the lunar exploration program could involve 
n number of rather distinct phases, each 
reflecting n different system «r combination of 
mbriu m equipments. We must wwp' , ¥ at 
the aame time that the equipment* involved in 
each system w<9 be computed of new develop- 
ments, improved vminat of ewitirr models, 
and |»*rib|y hybrid combination*. 

HOW CAN A LUNAR PBOGRAM Bfi 

ornwzEo? 

The uitljib presented ir this |«|er assumes 
a planning period of 30 years during which 
lime the maximum number of system* which 
could be developed and flown b tudten as five. 
The systems are designated by the letters 
L , If, .V, O, and #*, and each system wiD be 
designed to contribute to the total scien ti fic 
product k. Figure 1 shows how these system 
alternatives could relate to each other in an 
ideal program, though it b recognized in the 
diagram that considerable variation and lati- 
tude in system cost, staytime, scientific scope, 
and time duration of use could and probably 
will exist. 

Flram the foregoing variable*, one can 
de sig nat e a simple lunar exploration program 
p equal to the sum of all the component systems 
with each p erf oratin g (or contributing) a 
certain p er c e n t of k: 

p-L+Af+A+O+P 

Since the components of k (Q, dQ. A. etc.) 
vary with time, k also varies and L. If, .V, 
and P can be defined as operator* acting on k 
rith each extracting a certain percent of k. 
Thus, for time C, 

L MM-rfa) 

AT*<V«rfb> 

whae and r, sr. /, y. and * are 

values strongly dependent upon the scientific and 
morion equipment payload capability of cork 
system. Required in this simple case are 


have 



Fkcat l nyjuauo l^rahnithm. 

definition of such cooadmlk«t i« total num- anbuan drgrtr tkrti *il bo bv iWwfti 


bar of mrainnv in each system. Dumber of 
nritrinni per year, and the mix of Q and X a. 
and so on. m each mistioo. 

The central problem in an andjjrma of ihio 
kind b to drletnune boa the various tjUnu 
should (or could) be individually optimised 
m teems of oast benefit* (tfecliveami so that 
the Mai program. whether reflecting a period 
of 10. 90. or aaoer yean* duration, can be 
aimilariyoptaniaed «itb reaper! tonal benefit* 
As table 1 d e m on s trate *. the oraenldb peodurt 
aonstitutea rime to 90 permit of the program 
contribution, uritb the other factors making 
up the remain mg 90 percent. The only valid 
ap proach mhirh can be taken m advance of the 

the co uet fr u ra t systems and Imre the total 
kuwr program fcr the be ne fit of acboce. the 
other Carton {technology. pnetige, ecoaomk. 
and aKitiyl nil also be benefited to an 


suite (ewbably than optimum 

By adopt me this > a rm o r sml iinoac a* 
waniafy intuitive j u * tflfea t»«w. it ri po i lfi 
to design a program »W6» (on be mad to 
identify the parameter* be the sparer rail, 
' iwi. paybmd, and landing site *Vrk bear 
on and influence the on e* a failure «4 the 
program and ohob serve to psovsde M(Hi 
into the puouble payhmd rwwpoion. «o* 
eluding evjienment and muniment rn)Ule> 
■mate. Figure I federate* that each *y*l«m 
dwd d reflect an worm mg level of wmtfir 
scope and siaytime capabibty a* the program 
programs*. Them re^m eemra U oil. in torn, 
demand inmating program bu dg et ary bub 
In order to psruui time stmetuefeg of the 
nimbus and payloads m the program, it m 

MMunff Id dnlfiUHii m fflUlhdhiklD iMVfltfd k 

and the major ecbutiflr dfea i plnn of which it 
» c ompr is ed This ct* done by an wfn rma l 
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tl>.Ae- quests"*!.-* and the \IIVH>>A questnot.* 

|| w, ib* *bwit»i *4 1 capable *4 being pro- 
duced by ewch ir* 'f«iH ('J percent) »* 

■dv»*ft »«i t*Mr :* If * of m'lW'B.'j of 
Apote-. **r .%k»‘£C-» rquivaSence in lb# ca«e «f 
unmanned or monrve*l orbiter ftghl'? in a-wumed, 
is ran be expected lb** *arople return* remote 
sending., and imaging experiment* trill iknnunate 
the poyhstd competition., sStaytime* in thb 
ntw ore short,. ,l( i lb* order of a few hour* f“f 
Ap-dlo bo- • few J*p for manner! orbiter and 
unmanned sy*tenw- 

A SYSTEM AT POSIT 

System .1/ ran be rw««t<J at a higkaB exten- 
sion of live Apolo *J»fwn element* ate 

composed of Ap*>Wo and Apollo. derivative* It* 
mbsbro b envisioned or composing broad *nr- 
ittH ami exploration with time-independent 
experiment* over widely separated area- The 
percentage of Q o^enJ in I hit* mbseuv b 
abty quite lance.. A b pevdiabiy rather *n»aUI, 
and I Ke »|an of lime over which the ttorful 
effective lifetime of M b ntwulel b ab*> as 
kif as jiMssihte. probably atmtl ytu* or mote. 
The *#udie* c»>nd!iet*d ebb Xi ate directed 
tow an! an understanding of the whole h»ly of 
the Moon and ntoivt such dScipiioe* a* geol- 
ogy* peopltynks. and geoehemblry. I unat 
slaytone* are ako jvobably quite short,. on> the 
order of i few d*T* to a few *etfc» 

Flpdte 2 *&<•**$ ai* Ailbl 1 ** h’lHWAfit »4 *ua'K a 
mhxh mi#hl be iWriW a* »» ftal> 
Itnukr pttir. Studi#* *h**w the! 1*^ Saiuni \ 
Itanrhfi mijtkt be tvquiml f *»/ tlib *r»trfn; “W 
Uunvh »onkl Uml *n *mm*niw»| *Wl« r*riinl 
hjr the IAI ir^k *ih| » ky 

Aiwther UwkK a»y *%|*4U I A! itiii 

u 4 IaihK thf »»w iHe lunti **tffA%’e 

Wfl‘(4r a 4ntl fi|A* 
fcl# «f %lnHit>c to * 4 l*W (fH At>4 

tog r^fb f**c nHHtn fCAVlh. »%b** vAined nn 

the IAI »a\i am*iM («r a mmaII *n#*m»n 
Tfhirlf, t'urmtftty umlrt *tu4y. kw*»tn aa a IhcaI 
Htmtifh Mtrwi Thb nnifiC 

i«Kir*f ««HtU i>}i#TAle within a imxufr *4 |*r- 
k*f» 3t niifc* beyond the irniul IaxhUd^ p»>«il 
|| mitt be iHni fhAt the Y«bbte wnutil 
nmiAin nthff «mb>nmfnt«l rontiwl >* Wa* 


*»i|>|AHri PMrtAblie bAf»kjwfe». Ate Ihe 

^■4# j*nviKA»w bx with ibb wt«>bBily 

SijfniK*’ Ani rMfiiirilniitiiAim |t> ^ #mn be »>I>Iaiiuk| 
ai it h ft hb The*# «*;bwJe aiI^t A nein^ f->uar 

tiFta' rs^AnbliiHe >4 ihe *ttr^tm«re afu! inlcvnAll 
b’b^fuilH tniiibHA f 4 the nvxe off Ike 

mttmubU ewetjigr te^inie 4 the khw, end 
iftiir^Uvu^ «he i '4 Ike Irwier miff *ce 

atm! |HrvH*e^iie< Akkk atu fl** ell6#r itn nb-Ape aim! 
fbifkii|;i«^l»f>»cu* MbnbffW rY>twliti % tlih3 wiutti Ikb- 
Siena wtHrbl iinjv^re Ike of fi^ed 

itwImunneulA *c Apeeifie *il** whete iwue- 
«te|i#r;dml 4 aUa u»ie MaI en be ^>bttuain«d. 
kj bdJy AMbHtuuiitlk' tar.lmnwftds. Tkewe detiui 
mi^hi kvti'Ale niei^(WreaMmK *4 h#*tt w„ 
jar evily e A^ti AlmAepketir phewmtwt*. 

A SYSTEM iff POSIT 

|1ervrun< k s^lem *V fc* n*>* simple a» k 
XL *knoe the mboVm objicv litre* and aeimtifie 
^litdw* which are required for thb *y*tem are 
constrained by the MOHBfifehiutbs. of A# in 
lertn* of the am*>unt of t/ remaining as well a* 
ixrobabte increased reqabenaent* of A on the 
system* 

The mission »*bj«tive* involve greater areal 
coverage and are directed ton aid both selected 
area* and rather selective phenomena for in- 
vestigation* As a result* it b not ttnrealblie 
to otmmr that thb system will involve a large 
miv of new development* and **cond-(ten*cnt»on 
mbiat equipment*. The oirolifif phewwnena 
of interest during thb [wi«J. vbuatued to ex- 
tend over several year* with one t*r more mb- 
*b>Dc* per year* are more time dependent and 
involve stt' T ‘ * in dbeiptine* in wMitkn to the 
ge* science fhese might include the bio- 
science* and supporting studies in. astronomy’* 
for instance. 

Conceptual studies indicate that thb system 
might abo involve two launches of a Saturn V 
bo*ter per mb* ion One launch would land 
an unmanned mobile laboratory and would be 
followed by an I*M taxi canytf,, *wo and poo* 
stbly three a* ,, *>naui* to lb vunaf surface as 
shown in figure 3. An additiotuil shelter devel- 
oped for system M might be available •» well 
in the event that system .V spacecraft are landed 
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f(«cmn 2. — Artist’* raturepo of system 2 If. 


near a site explored briefly daring the Lifetime 
of system M In thu case we might he think- 
ing in tana of staytimes of several weeks to 
several months, daring which the mobile 
laboratory would make extended traverses ova 
the lunar surface. In addition to conducting 
scientific studies and etnplacing scientific equip* 
fnent, the team would alio conduct engineering 
experiments ta rif* to determine the require- 
ments for more permanent hsse facilities end 
to ohtein data upon which to base the design 
of these facilities. 

During the lifetime of system X, one could 
reasonably expect that requirements for as- 


tronomy and biomedical research would be 
identified, as would possible lunar resources, 
end applied science and engineering research 
needs. 

A SYSTEM a POSIT 

By the time the requirements for system O 
have been identified, the major early require- 
ments involved in Q will have been largely 
satisfied and a rather comprehensive under- 
standing of the Moon, the relationship of the 
Earth-Moon system, and the history and 
evolutionary events in the Moon's progression 
to its present form wifi have been obtained. 
Thus the major scientific objectives of this 





Floras 3. — Artist’* concept of *y*tom AT. 


system are associated with more restricted a result, the development of a system corn- 

areas involving specific sites and specific phe* posed entirely of newly developed components 

nomena which are associated with very time- is needed. 

dependent studies. The scientific experimen- A concept for this system is shown in figure 
tation includes a large remaining percentage 4. In the left background is a shelter-labora- 

of Q and a larger percentage of A and dA tory for four to six men which has been landed 

which include small percentages of astronomy directly on the lunar surface from Earth, and 

and biomedical experiments. In addition, lu- was followed by an improved personnel delivery 

nar resources R first investigated by system system lander which transported the astronauts 

N are given increasing emphasis. These require- to the site. The manned delivery system 

ments dative from the conclusions reached might be either direct flight or lunar orbit 

from k up to this time. Even though systems rendezvous (LOR) depending upon the results 

A# and AT could be extended and uprated, they of studies currently underway. Later Cargo 

are inefficient and inadequate to support the trips have provided additional scientific end 

expanded scientific program at this point. As mUon equipment and an expandable shelter 



166 


2XTBATEBBESTBIAL BESOUBCE9 



Fionas 4. — Artist’s concept of system O. 


and maintenance module. Since preceding 
missions have established that the development 
of a lunar-base facility at this location is an 
economically and Scientifically worthwhile proj- 
ect, eventual buildup to a large base facility 
has begun. Stations of this type are envisioned 
to become practical after development of an 
efficient unmanned method of landing large 
payloads directly on the surface. This is 
considered to be an elementary form of a lunar 
base. As can be seen, requirements have 
dictated that it be developed. These require- 
ments are strongly dependent upon man's 


participation in the effective accomplishment 
of the mission tasks. Further, these tasks 
during this phase are strongly time dependent, 
ore varied in scope and complexity, and are 
relatively immune to preprograming. A fixed 
base at this site is indicated where man can 
exploit his advantage on the Moon. 

A SYSTEM P POSIT 

As the requirements for surface staytimes 
promulgated by increasing emphasis on A 
(astronomy, bioeciences, physics) and dA in- 
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Fiqcu 5. — Artist’s concept of system P. 


crease, long-range planning must include MISSION PAYLOAD COMPOSITION 
studies of concepts similar to that shown m 

figure 5. This large semipermanent base can out earlier in this paper, the 

accommodate 12 men for periods of a year or 6ual step in the analysts is to determine, in 

more. Furthermore, requirements for exploits- t8nna of the f “tors making up *, the scientific 

tion of lunar resources may by this time have Product, the payload composition for each 

been identified, with a parallel impact on which supports systems L, M, N, O, 

increased surface operations capability, stay- * n '* ^ or the purposes of this analysis, 

times, and manpower levels. At the present which is an example only, the subdivision of 

time it is difficult to anticipate the evolutionary these factors shown in table 4 has been adopted, 

trend of spacecraft systems which might If the assumed composition of k is known, the 
support a lunar base or to anticipate to what individual payload composition can be defined, 

degree there might be new or modified versions In the example used in this paper, this was done 

of precursor systems. on an iterative basis by using a simple ptoce- 
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Table 4. — Percentage Composition of k 


i 


Component 

| Percent 
composition 

o. ! 



<0 

6 

4L.— — 

22 

04 

7 


7 

dtf 

2 

K 

10 

l 



dure. The procedure was based oft the expects- 
tion that, within each system, the early science 
would extend and expand that whieh had pre- 
ceded it and that science conducted toward the 
planned useful end of the same system would 
support more sophisticated systems and science 
to follow. From a total program standpoint, the 
priorities of table 2 were followed. 


The results are displayed in table 5, where the 
components of k making up each mission are 
presented. Note the attempt to introduce 
more complex science (in terms of k compo- 
nents) during the last phases of each system and 
the emphasis away from Q late in the program. 
These expected results are based on the indi- 
cated assumptions for the analysis. Having 
these data at hand makes it possible to plot a 
graph of the scientific accomplishment of each 
system in toms of percent of k and its compo- 
nents. Suchagr nhb shown in figured. Notice 
the emphasis on Q and dQ, the basic scientific 
questions. This graph demonstrates in a visual 
way the original premise of this paper, namely, 
that the logic for the ultimate system, a lunar 
base (system P), appears at this time to be 
related solely to the needs of scientific mission 
objectives which cannot be met by any other 
system. From a solely scientific view, a lunar 
base is a requirement only if it is determined 


Table 6 . — Mission Science Payload Composition 
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SYSTEM PAYLOAD EMPHASB 

Flora* 8. — Lunar exploration mode acienee capability. 


tint long, staytimeB at some point on the Inner 
surface ore required to accomplkh complex 
research involving men, time-dependent phe- 
nomena, and very sophisticated mission and 
experiment equipments. It is premature to 
attempt to define the operational requirements 
for the base and no attempt has been made in 
this analysis to do so. If we can sustain the 
conclusion, however, that a semipermanent 
base reflects considerably greater scientific 
contribution, we can at the same time stress 
that its contribution to technology development 
is correspondingly greater than that of most 
other spacecraft systems supporting lunar 
science and exploration. Many subsystems are 
involved in the development of a base which 
may or may not be characteristic of other modes 
of exploration. Among these are power genera- 
tion and transmission, communication, and 
data management. 

Power requirements for a base are expected 
to bo much higher than those for systems simi- 


lar to AT and O. They will probably be met most 
efficiently by nuclear systems, though mfoninna 
up to several months or even s year could be 
supported by solar thermoelectric end solar 
thermionic power units. 

Requirements for communications and data 
tr ansmi s si on will be very extensive, since the 
missions will certainly involve IknSu beyond the 
line of sight. Thus ground and spice-based 
repeaters and groundwave propagation tech- 
niques will probably be employed. Since the com- 
munication and data systems required for base 
operations are directly end importantly related 
to the missions to be performed, the require- 
ments for them must be aetabliehed on the basis 
of an integrated exploration and exploitation 
system. Thus, they must be designed to permit 
expansion and modification to reflect growth 
from early systems to the more advanced besce. 
Furthermore, the load leveb will be determined 
directly by the scientific equipments, both type 
and number, the data output from them, and 
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the degree of automation of the experiments. 
Data recording, storage, and transmission, or. 
in sum, the data management problem looms 
as one which ' ’ll require much study and 
definition in the 4 •nod of preparation for a base. 

SUMMARY AND CONCLUSIONS 

An analysis of this kind does not solve 
problems so much as it serves to make prob- 
lems more visible. Several of these problems 
are discussed in the following paragraphs. 

The fact that a mission may have to be 
aborted at any time after its initiation must be 
recognized. This requires that the more im- 
portant experiments should be scheduled and 
flown as early as possible, if all other constraints 
and considerations are equal. Again, a situ- 
ation in which the experiment -conducting 
phase of the mission must be terminated pre- 
maturely is a real possibility. In either case, 
the impact on the program would be either an 
attempt to repeat the mission, to cancel the 
payload (ami hence its potential contribution 
to A), or to carry over the payload to subsequent 
systems in the program. For example, as- 
sume a mission failure for one mission in each 
of systems L, M, and N. If the carryover mode 
is followed, it derives from figure 2 that a cum- 
ulative payload carryover of 10 percent A must 
be designed into systems 0 and P to accom- 
modate the loss. 

Another vexing problem involves the compo- 
sition of experiments and instruments in each 
payload and a determination of what each might 
contribute to the components of A. Expressed 
in another way, we must determine the ex- 
periments and their related instruments which 
support the science related to Q, A, R, and so 
on. Again, which experiments and instru- 
ments have commonality and what are the 
common elements? Implications of these con- 
siderations on the spacecraft subsystems and 
on data management are evident. 

Him problems notwithstanding, a program 
of systems and missions must be planned and 
•elected together with payloads, experiments, 
and Instruments. This requires diet the qual- 
itative objectives of the scientific community 
be quantified and divided down to a level et 


which engineering alternative - can be de- 
termined and evaluated. Evidently the scien- 
tific community will eventually be required to 
exercise its collective judgment at a more pre- 
cise level than that of the baric scientific 
questions. The process of development of a 
program plan attempts to relate the require- 
ments on the program to the means by which 
they ale accomplished. Considerable study 
within NASA has produced a much dearer 
understanding of the means than it has of the 
specific requirements (as opposed to general 
requirements), with the result that optimiza- 
tion of the system elements has not been 
possible. It is evident that, in optimizing 
for science, mission definition, and payload 
definition which impact on the systems design 
must progress much more rapidly than the 
cu rrent trend supposes. 

A further remark should be addressed to the 
components of A, the scientific product of 
lunar exploration. At the present time the 
component Q and the influence of these ques- 
tions in terms of experiments and instruments 
is quite well understood, as is the time ordering 
of riie experiments continued in Q. This is not 
true for the other components which relate to 
such disciplines as astronomy, biosciences, 
physics, and so forth. Since they, too, will 
provide a contribution to A (approximately 
50 percent according to table 4), they must be 
defined sufficiently well in terms of baric 
questions, experiments, and instruments to 
permit their timely incorporation into the 
payloads so that their anticipated A value can 
be extracted from both the individual systems 
and the total program. 

How these other components might impact 
on the program is displayed by table 6. Note 
that even during phase I of a total program 
period, a number of experiments, operations, 
and engineering testa must be performed to 
support both operations and science during 
later phases. Unless the requirements in disci- 
plines such as astronomy and bioscience are 
defined early in the planning period and in- 
corporated into the early phases of the oper- 
ations! period, those activities required to 
support more involved and complex missions 
later in the program will not be done and 
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Table 6. — Lunar Seienrt Program Trends 

— ~ ’ — * ' ’"1 

Component Scientlfic-eeonomlc benefits Soti»hunumi$tl benefits Scientific benefits 




I— Early 


II — Intermediate 


III — Optimum 


Major emphasis Geoscience* 


Disciplines. Geological 

Geophysical 

Geochemical 


Experimentation 

program. 

* 

i 


i 

i 

i 

.{ 


i 

i 

i 


I Purpose 


] 



Phase I 
support 

Phase II 
support 

Phase ID 
support 


Directed toward 
understanding 
Earth-Moon system 


Bioseienees 


Biological 

Biomedical 

Phys io l ogica l 



Phase It 
support 

Phase III 
support 


Astfosetences 


Astronomy 
Applied science 
Engineering science 



Phase nt support 




Directed toward 
understanding man 


] Directed toward > 

man’s environment 

f I 


delays, posable fractional payloads, and sub* 
optimum utilization of the spacecraft systems 
will result. That the simple version of a lunar 
exploration planning logic presented here is 
only one of many passible forms and directions 
which the exploration of the Moon may take 
is acknowledged. Those interested in par* 
ticipating in tins type of analysis may wish to 
insert their own numbers into the mission 
variables end may also choose to define the 
systems in a variety of alternate ways. One 
caution should be expressed, however: The plan 
should be structured to permit maximum 
effective utilisation •. . the Apollo system 
derivatives and should be consistent with 
sound scientific objectives end reasonable 
measures of coat effectiveness. 

Last, it most be emphasized that the analysis 
presented here is empirical in nature. It is 


hoped that it wilt prove possible to develop a 
generalized closed-form mathematical program 
planning model having application to programs 
other than lunar exploration. 

If sophisticated management and organiza- 
tional methods and techniques are vital to the 
success of space operations, they are also 
equally vital to successful planning for space 
systems and operations. Thus the approach 
described can be very useful in long-range 
planning activities such as lunar exploration 
and orbital space stations. 
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